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Abstract. Members of the heat-shock protein fhsp) 70 
family, distributed within various cellular compart- 
ments, have been implicated in facilitating protein 
maturation events. In particular, related hsp 70 family 
members appear to bind nascent polypeptides which 
are in the course of synthesis and/or translocation into 
organelles. We previously reported that in normal, un- 
stressed cells, cytosolic hsp 70 (hsp 72/73) interacted 
transiently with nascent polypeptides. We suspect that 
such interactions function to prevent or slow down the 
folding of the nascent polypeptide chain. Once syn- 
thesis is complete, and now with all of the information 
for folding present, the newly synthesized protein ap- 
pears to commence along its folding pathway,  aocom- 
partied by the ATP-dependent release of hsp 72/73. 
Herein, we examined how these events occur in cells 
subjected to different types of metabolic stress. In 
cells exposed to either an amino acid analog or so- 
dium arsenite, two potent inducers of the stress re- 
sponse, newly synthesized proteins bind to but are not 
released from hsp 70.  Under these conditions of meta- 
bolic stress, we suspect that the newly synthesized 
proteins are unable to commence proper folding and 
consequently remain bound to their hsp 70 chaperone. 
In cells subjected to heat shock, a large number of 
both newly synthesized as well as mature proteins are 
rendered insoluble. Within this insoluble material are 
appreciable amounts of hsp 72/73.  Finally, we show 
that in cells depleted of ATE the release of hsp 70 
from maturing proteins is inhibited. Thus, in cells ex- 
periencing metabolic stress, newly synthesized pro- 
teins unable to properly fold, as will as mature pro- 
teins which begin to unfold become stably bound to 
hsp 72/73.  As a consequence and over time, the free 
or available levels of pre-existing hsp 72/73 are re- 
duced. We propose that this reduction in the available 
levels of hsp 72/73  is the trigger by which the stress 
response is initiated. 
ECENT studies are beginning to provide new insights 
into the mechanisms governing protein maturation 
events in vivo. Classical studies in vitro demonstrated 
that protein folding is a  spontaneous  process  dictated pri- 
marily by the linear sequence of amino acids present within 
the polypeptide chain (Anfinsen,  1973). These new studies, 
however, indicate that such events in vivo require the partici- 
pation of accessory components,  now being referred to as 
molecular detergents  or chaperones (Hemmingsen et al., 
1988). While molecular chaperones themselves do not ap- 
pear to directly convey information for folding or higher or- 
dered assembly, they are thought to facilitate these processes 
by reducing incorrect folding pathways and thereby insure 
that such events occur rapidly and with high fidelity (re- 
viewed by Ellis and van der Vies, 1991). A number of these 
molecular chaperones have now been identified,  some of 
which have been shown to be identical to so-called heat 
shock or stress proteins. 
Despite their designation,  we now know that most of the 
stress proteins are in fact expressed constitutively  in cells 
grown under normal conditions and represent essential gene 
products involved in a number of import_ant  biological path- 
ways (reviewed by Morhnoto et al.,  1990). Most pertinent 
to the present report are the proposed roles of two families 
of  stress proteins, referred  to as the heat-shock  protein (hsp) 1 
60 (groEL) and hsp 70 families in facilitating protein matu- 
ration (reviewed in Ellis and van der Vies, 1991). Members 
of the hsp 60 family, so far identified within the chloroplast 
and mitochondria and perhaps within the cytosol, appear to 
provide a surface or "workbench" by which monomeric pro- 
teins are correctly folded and/or assembled into their oligo- 
meric state (Hemmingsen et al.,  1988; Osterman et al., 
1989; Martin et al., 1991; Trent et al., 1991; Mendoza et al., 
1991). In the case of the hsp 70 family, related forms of the 
protein have been identified within the cytosol, nucleus, lu- 
men of the ER, and matrix of either the mitochondria or 
chloroplast (reviewed by Welch, 1990). Each of the various 
hsp 70 family members appear to bind to and stabilize the 
unfolded state of  proteins that are in the course of  maturation 
(Haas  and Wahl,  1983; Bole et al.  1986; Gething et al., 
1986; Kang et al., 1990; Beckmann et al., 1990; Mizzen et 
al., 1991). That hsp 70 can indeed recognize and bind to un- 
folded proteins has  recently been demonstrated in  vitro 
1. Abbreviations used in this paper: CCCE  carboxyl cyanide m-ehlorophen- 
ythydrazoa;  hsp, heat-shock protein; 2DG, 2-deoxyglucose. 
￿9  The Rockefeller University Press, 0021-9525/92/06/1137/14 $2.00 
The Journal of  Celt Biology, Volume 117, Number 6, June 1992 1137-1150  1137 (Palleros et al.,  1991). Moreover, the region within hsp 70 
thought to be involved in such binding has been proposed to 
be similar, at least in part, to the peptide binding region de- 
termined for the class I histocompatibility proteins (Sadis et 
al.,  1990;  Rippman et al.,  1991). 
Using metabolic pulse-chase radiolabeling and immuno- 
precipitation techniques, we previously reported the interac- 
tion of cytosolic hap 72/73 with a number of newly synthe- 
sized proteins within the normal, unstressed cell (Beckmann 
et al., 1990). Such interactions appeared transient, such that 
within minutes after their synthesis, most of the newly syn- 
thesized proteins were no longer complexed with hsp 72/73. 
We proposed that hsp 72/73 interacted in a cotranslational 
fashion with nascent polypeptides to prevent or slow down 
their folding and/or inadvertent interaction with other poly- 
peptides, such as those present within the translational ma- 
chinery itself. Once their synthesis was complete, and now 
with all of the necessary information for folding present, the 
newly synthesized proteins  would commence along their 
folding pathway accompanied by the ATP-dependent release 
of hsp 72/73. With this proposed scenario in mind, we won- 
dered how such events might be occurring in cells experienc- 
ing metabolic stress and why hsp 72/73 levels are upregu- 
lated. We show that depending upon both the nature and 
severity of the metabolic stress, proteins in the process of 
maturation, as well as some mature proteins, are adversely 
affected. Those proteins  experiencing difficulties in their 
folding pathway become stably bound to hsp 72/73. The net 
result is a reduction in the available levels of"free"  hsp 72/73, 
and consequently the cell initiates a  stress response to in- 
crease the levels of hsp 72/73. Thus, we suspect that hsp 70 
itself serves as a sensor or ~hermometer" by which the extent 
of cellular damage is monitored, and that when its levels are 
reduced via stable binding to unfolded proteins, the stress re- 
sponse is initiated. 
Materials and Methods 
Cell Culturing and Metabolic Labeling 
Hela cells,  growing on plastic dishes were used in all experiments.  Cells 
were maintained at 37~  in DME supplemented with 10% bovine calf se- 
rum. For steady state labeling,  ceils were incubated with [35S]methionine 
(ICN Biomedicals,  Inc., Costa Mesa, CA; specific activity 1,120 Ci/mMol) 
or  with  [3H]uridine  (Amersbam  Corp.,  Arlington  Heights,  IL;  1.3 
Tlkl/mMol) for  12-16  h  in medium consisting of 95%  methionine-free 
DME, 5% complete DME, and 5% bovine caif serum. After labeling, the 
cells were washed with and further incubated in complete DME for 1 h be- 
fore subsequent treatment. 
For pulse-chase experiments,  cells were incubated with [35S]methionine 
for 15-20 min in DME lacking methionine, either under normal conditions 
or during stress as outlined in the figure legends. After the pulse label, one 
plate of cells was harvested immediately  (i.e., pulsed) while to the remain- 
ing pulse-labeled cells, the medium containing the radiolabel was removed, 
and the cells further incubated (i.e., pulse chased) in either the presence 
or absence of the particular stress agent as indicated in the figure legends. 
Preparation of Cell Lysates, Immunoprecipitation, and 
Analysis by Gel Electrophoresis 
For immunoprecipitation under native conditions, radiolabeled cells were 
lysed  in 0.1% Triton X-100 in PBS,  ATP levels depleted via addition of 
apyrase (final 10 U/mi) and the lysates then adjusted to RIPA (+) conditions 
(final 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS in PBS). After 
clarification at 16,000 g for 5 rain, [35S]methionine incorporation was de- 
termined by TCA precipitation. Within each experiment (pulse and pulse 
chase), the immunoprecipitates were programmed with an equal amount 
(cpm) of TCA-precipitated  material, and an excess of hsp 72/73 mAbs as 
described previously (Beckmann et ai., 1990). Denaturing immunoprecipi- 
tations from cells solubilized in Laemmli sample buffer and heated at IO0~ 
for 5 rain was performed as described previously  (Welch and Feramisco, 
1984). Both one-dimensional and two-dimensional  gel electrophoresis  was 
done exactly as described earlier (Welch and Feramisco,  1985). 
Determining Relative Protein Insolubility 
after Stress 
Hela cells were radiolabeled under steady state conditions or via pulse- 
chase techniques as described in the figure legends.  The cells were lysed 
by the addition of PBS containing 0.1% Triton X-100, 5 mM MgCi2 and 10 
U/mi apyrase. After incubation at 4~  for 20 min, the lysates were adjusted 
to RIPA (+) conditions,  centrifuged at 16,000 g for 10 min at 4~  the su- 
pernatant was removed and the amount of incorporated [35S]methionine 
determined by TCA precipitation. The resultant 16,000 g clarification pellet 
was solubilized by the addition of Laemmli sample buffer, heated at 100~ 
and the amount of [35S]methionine-labeled  material present was  deter- 
mined by TCA precipitation. The amount of hsp 72/73  present within 
16,000 g the clarification pellet was determined by denaturing immunopre- 
cipitation. 
Examining the Effects of  ATP Depletion In Vivo 
HeLa cells growing at 37~  were simultaneously treated with 20/~m of the 
mitochondrial  uncoupler,  carboxyl  cyanide  m-chlorophenylhydrazone 
(CCCP),  and 12.5  mm 2-deoxyglucose  (2DG) in glucose free DME to 
deplete intracellular ATP (Gronostajski et al.,  1985).  In some cases,  the 
cells were  first  treated with 100/~gm//~l  r  before  the ATP 
depletion.  After a 2 h incubation at 37~  the medium was removed and 
the  cells  were  washed  with  DME  lacking  methionine,  labeled  with 
[35S]methionine for 2 h, and then harvested and analyzed.  To examine the 
effects of ATP depletion on the release of hsp 72/73 from newly synthesized 
proteins, Hela cells growing at 37~  were pulse labeled for 20 rain with 
[35S]methionine. Afterwards,  the label was removed and the cells further 
incubated in 20/~m CCCP and 12.5 mM 2DG in glucose  free DME for 
either 30 or 60 rain. The cells were then harvested in RIPA (+) buffer, 
clarified by centrifugation,  and analyzed by native immunoprecipitation. 
Results 
Examining the Effects of  Metabolic Stress on the 
Maturation of  Newly Synthesized Proteins 
Using metabolic pulse-chase labeling and native immuno- 
precipitation analysis, we previously reported that hsp 72/73 
interacted transiently with a number of newly synthesized 
proteins in HeLa cells incubated under normal growth con- 
ditions (Beckmann et al., 1990). Consequently, the question 
to be pursued now was how such events might be occurring 
in cells placed under stress by different agents/treatments. 
Therefore, HeLa cells were incubated at: (a) 37~  (b) 37~ 
in the presence  of the proline analog,  L-azetidine 2-car- 
boxylic acid (Azc); (c) 37~  in the presence of 80/~m so- 
dium arsenite; or (d) 43~  Under each condition, the cells 
were  metabolically labeled  with  psS]methionine  for  20 
rain. One plate of the pulse-labeled cells was immediately 
harvested, while to the remaining dishes, the label was re- 
moved and the cells further incubated for 30 or 60 rain, ei- 
ther  in  the  presence  or  absence  of the  particular  stress 
agent/treatment. After the pulse and pulse-chase labeling 
protocol, the cells were harvested by the addition of PBS 
containing 0.1% Triton X-100. Since the interaction of hsp 
72/73 with its substrates appears sensitive to ATP, endoge- 
nous ATP levels  were depleted via the addition of the en- 
zyme, apyrase. The various lysates then were used for immu- 
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stressors on the interaction of 
hsp 72/73 with newly synthe- 
sized proteins. Hela ceils were 
incubated at 37~  under nor- 
mal growth conditions (CON- 
TROL); 37~  in the presence 
of 5  mM  L-azetidine 2-car- 
boxylic acid, a proline analog, 
for 2  h  (AZC); 37*C in the 
presence of 80 tan sodium ar- 
senite for 60 rain (ARS); and 
43~  for  30  min  (HEAT 
SHOCK). Under  these vari- 
ous conditions, the cells were 
pulse labeled for 20 rain with 
[sSS]methionine. One plate of 
cells  was  immediately  har- 
vested,  while to the remain- 
der, the culture medium con- 
taining  the  radiolabel  was 
removed, the cells extensively 
washed, and further incubated 
for 30 or 60 rain either in the 
absence  or  presence  of the 
particular  stress  agent.  In 
each case, cycloheximide (40 
/zgm//zl) was added during the chase period.  After the appropriate pulse and pulse-chase periods, the cells were harvested in nonionic 
detergent, the lysates were immediately depleted of ATP, and subjected to native immunoprecipitation analysis using a mixture of mAbs 
specific to hsp 72/73 as described in Materials and Methods. Shown are the resultant immunoprecipitates analyzed by SDS-PAGE. In 
lane I of each panel are the immunoprecipitates from the pulse-labeled ceils, in lane 2 are the immunoprecipitates from ceils pulse-labeled 
and chased for 30 min, and in lane 3 are the immunopreeipitates from cells pulse labeled and chased for 60 rain. A, control cells; B, 
cells exposed to Azc; C, cells pulse labeled in the presence of 80/~m sodium arsertite and then chased either in the absence (CH-) or 
presence (CH+) of  arsenite; D, ceils pulse labeled at 43~  and chased either at 37~  (CH-) or at 43"C (CH+). The positions of  molecular 
mass standards are shown at the left and the position of hsp 72/73 at the fight. 
noprecipitation analysis using a mixture of  mAbs specific to 
cytosolic hsp 72/73. 
In the control, unstressed cells labeled for 20 min at 37~ 
a significant number of newly synthesized proteins were ob- 
served to coprecipitate with hsp 72/73 (Fig. 1, CONTROL). 
In addition to proteins of  a defined size, a "smear  ~ of  radioac- 
tive material was observed to copreeipitate, this latter mate- 
rial  likely  representing unfinished,  nascent polypeptides. 
Upon allowing the 37~  pulse-labeled cells a  subsequent 
chase period in the absence of  radiolabel, significantly fewer 
proteins  were observed to  coprecipitate with  hsp  72/73. 
Thus, under normal growth conditions, a significant number 
of newly synthesized proteins are observed to interact tran- 
siently with hsp 72/73. 
Markedly different results were observed in cells placed 
under stress and subjected to the same analysis. First, when 
cells were incubated in the presence of an amino acid ana- 
log of proline,  Azc,  and  then metabolically labeled with 
[ssS]methionine, a significant number of newly synthesized 
proteins again were found to coprecipitate with hsp 72/73. 
However, in contrast to the situation with the normal cells, 
most of  the proteins synthesized in the presence of  the analog 
were still found complexed with hsp 72/73 after the 30- or 
60-min chase period (Fig.  1, AZC). Similarly, in cells ex- 
posed to sodium arsenite and then labeled with [35S]methio- 
nine,  a  significant amount  of newly synthesized proteins 
were still found complexed with hsp 72/73 during the sub- 
sequent  chase  period  (Fig.  1,  ARS).  Note however, that 
removal  of arsenite  during  the  subsequent  chase  period 
(CH[-1) resulted in the release of somewhat more proteins 
as compared with those cells chased in the presence of ar- 
senite (CH[+I). 
Finally, although the relative extent of protein synthesis 
appeared reduced, the interaction with and subsequent re- 
lease of newly synthesized proteins from hsp 72/73 in cells 
incubated at 43~  appeared similar to that found for the con- 
trol, 37~  cells (Fig. 1, HEAT  SHOCK). This effect was ob- 
served regardless of whether the cells were chased at either 
37~  or at 43~  Thus, in cells placed under stress by ex- 
posure to either an amino acid analog, Azc, or sodium ar- 
senite, a number of newly synthesized proteins interact with 
hsp 72/73, but fail to be released during the subsequent chase 
period. In contrast, proteins synthesized under heat shock 
conditions appear to exhibit maturation patterns similar to 
that observed for proteins synthesized under normal growth 
temperatures. We will return to this point later. 
The Adverse Effects of  Sodium Arsenite on 
Protein Maturation Can Be Reversed Via Addition 
of the Reducing Agent, DTT 
We  suspect  that  when  newly  synthesized proteins  incor- 
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properly fold. As a consequence, the analog-containing pro- 
teins remain bound to their hsp 70 chaperone. Consistent with 
the idea that analog-containing proteins do not properly fold 
is the fact that they exhibit abnormally short half-lives in vivo 
(Prouty et al., 1985; Schmike and Bradley, 1975). Why then 
are newly synthesized proteins made in the presence of so- 
dium arsenite not released from hsp 72/73? Previous studies 
have shown that arsenite inactivates various  enzymes via 
binding to vicinal cysteine residues and that such inactivation 
can be reversed via the addition of the reducing agent, DTT 
(Zahler and Cleland,  1968; Klemperer and Pickart,  1989). 
Consequently, we suspected that arsenite might result in the 
cross-linking of cysteine residues within the nascent poly- 
peptide chain,  and thereby prevent proper folding. To test 
this idea, we repeated the pulse-chase experiments, this time 
examining  the  effects  of  adding  DTT  during  the  chase 
periods. As was observed before, inclusion ofarsenite during 
both the pulse and pulse chase resulted in a large number 
of newly synthesized proteins which remained stably com- 
plexed with hsp 72/73 (Fig. 2). Addition of DTT to the cells 
during the chase period however, now resulted in the release 
of more of the newly synthesized proteins from hsp 72/73 
(Fig. 2 A, ARS,  +DTTduring the chase). This effect of DTT 
was evident whether or not arsenite was present during the 
chase period (Fig. 2 A  +ARS,  +DTT during the chase). 
While hsp 72/73 interacted transiently with newly synthe- 
sized proteins in normal, unstressed cells, under conditions 
of Azc or arsenite exposure, many of the newly synthesized 
proteins appeared to be stably complexed with hsp 72/73. 
We suspect that over time and as more of the newly synthe- 
sized proteins become complexed with hsp 72/73, the corre- 
sponding  reduction in  the  free or available levels of hsp 
72/73 results in an induction of  the stress response. Since ar- 
senite treatment resulted in a stable interaction of hsp 72/73 
with newly synthesized proteins, but such interactions could 
be reversed by the addition of DTT, we suspected we could 
block the ability of arsenite to induce a stress response sim- 
ply by the addition of DTT. To test this idea, cells were ex- 
posed to  either 80 or 200  #M  sodium arsenite either in 
the absence or presence of added DTT. After a 90-rain ex- 
posure, the culture medium was removed, the cells exten- 
sively washed, and then subjected to metabolic labeling with 
[35S]methionine.  Cell  lysates were prepared and  analyzed 
either by SDS-PAGE or by denaturing immunoprecipitations 
using an antibody specific to the highly stress-inducible hsp 
72 (Fig. 2, B and C). Cells exposed to 80 or 200 #M sodium 
arsenite, in the absence of DTT, exhibited an induction of a 
Figure 2. The adverse effects  of sodium arsenite on the 
maturation of newly synthesized proteins can be pre- 
vented by addition of  DTT. (A) Hela cells were labeled 
with [35S]methionine  for 20 min either in the absence 
or presence of 80 I~m sodium arsenite. Immediately 
after the pulse-chase radiolabeling, one plate of cells 
was immediately harvested. To the remaining radio- 
labeled cells, the culture medium was removed, the 
cell extensively washed, and further incubated in me- 
dium (a) lacking arsenite (CHASE,  -ARS); (b) lack- 
ing  arsenite  and  supplemented  with  1  mM  DTT 
(CHASE,  -ARS,  +DTT);  (c)  containing  arsenite, 
(CHASE, +ARS); or (d) containing both arsenite and 
1 mM DTT (CHASE,  +ARS, +/Y/T) for either 30 
min or 60 rain. After the appropriate chase period, 
the cells were harvested, ATP levels were depleted, 
and  native  immunoprecipitations  were  performed 
using the anti-hsp 72/73 mAbs. Shown in A are the 
resultant  immunoprecipitates  analyzed  by  SDS- 
PAGE.  The  immunoprecipitates  from  the  pulse- 
labeled cells are shown in the first lane of each group 
(lanes 1, 4,  7,  10, and 13),  the immunoprecipitates 
from cells pulse labeled and chased for 30 min are 
shown in the second lane of each group (lane 2, 5, 8, 
11, and 14) and within the third lane of each group, 
the immunoprecipitates from the cells pulse labeled 
and chased for 60 min (lanes 3, 6, 9, 12, and 15). (B 
and C) Hela cells growing at 37~  were exposed to 
sodium arsenite either in the absence or presence of 
1 nun DTT. After 1 h, both the arsenite and DTT were 
removed, and the cells were metabolically labeled with 
[35S]methionine for 2 h. The cells were harvested by 
the addition of Laemmli sample buffer and the labeled 
proteins analyzed by SDS-PAGE (B) In addition, to 
examine the relative induction of hsp 72, the cell lysates were subjected to denaturing immunoprecipitation using antibodies specific for 
the highly stress-inducible hsp 72 (C). Lane designations are the same in B and C. Lane 1, control cells; lane 2, cells incubated in 1 mM 
DTT; lane 3, cells incubated with 80 #m arsenite; lane 4, cells incubated with 80 ~,m arsenite plus 1 raM DTT; lane 5, cells exposed to 
200 #m arsenite; lane 6, cells exposed to 200 #m arsenite plus 1 mM DTT. 
The Journal of Cell Biology,  Volume 117, 1992  1140 stress response as assayed by the increased expression of hsp 
72 (Fig. 2 C, lanes 3 and 5, respectively). In contrast, when 
cells were simultaneously incubated with both D'I'T and ar- 
senite, little or no induction of hsp 72 was observed (Fig. 2 
C, lanes 4  and 6).  Note however, that the addition of DTT 
resulted in the increased expression of an •80-kD  protein, 
this representing the hsp 70 related protein BiP, a component 
of the ER (Fig. 2 B, lanes 2, 4, and 6). Although not shown, 
addition of DTT after exposure of the cells to arsenite again 
greatly diminished the induction of a  stress response. This 
latter result argues that the effects of DTT are to reverse inap- 
propriate disulfide linkages arising from the exposure of the 
cells to sodium arsenite. 
Heat Shock Treatment Renders Mature 
Proteins Insoluble 
In contrast to the results with sodium arsenite and the amino 
analog,  Azc,  beat-shock treatment  did  not  appear to  ad- 
versely affect the release of newly synthesized proteins from 
hsp 72/73 (Fig. 1). Therefore, we investigated whether heat- 
shock treatment might be affecting other protein targets, in 
particular, mature proteins which had already assumed their 
final folded state. The rationale being that some mature pro- 
teins might begin to denature as a consequence of the heat- 
shock treatment, and that these denatured (or unfolded) pro- 
teins, like nascent polypeptides, now might represent targets 
for hsp 72/73. Similarly, considering that arsenite can cross- 
link vicinal  sulfhydryl groups,  we  investigated whether  it 
also might adversely effect the conformation of some mature 
proteins. To address these questions, Hela cells were steady 
state  labeled  at  37~  with  [~sS]methionine  for  12  h,  the 
radiolabel removed and the cells further incubated for an ad- 
ditional  2  h.  Such  a  labeling protocol  should  insure  that 
most, if not all,  of the radiolabeled proteins have assumed 
their final folded and mature state.  The radiolabeled cells 
then were subjected to either: (a) a 450C/40 min heat shock; 
(b) exposure to 200/zm sodium arsenite for 90 rain or; (c) 
continued incubation at 370C (e.g.,  control).  After the ap- 
propriate treatment, one plate of cells was immediately har- 
vested. To the remaining plates, the cells were returned to 
normal growth conditions (e.g., returned to 37~  or removal 
of the arsenite) and further incubated at 370C for either 3 or 
6 h. At each time point, the cells were harvested by the addi- 
tion of PBS containing 0.1% Triton X-100,  apyrase added to 
deplete ATP, and the lysates subsequently adjusted to a final 
1% Triton X-100,  1% sodium deoxycholate, and 0.1%  SDS 
(RIPA buffer). After clarification at 16,000 g  (average) for 
5  rain, the resultant supernatants were analyzed by native 
immunoprecipitation using the hsp 72/73 mAbs (Fig. 3 A). 
Figure 3. Consequences of stress on mature 
proteins. Hela cells, growing at 37~  were 
steady-state  labeled  with  [35S]methionine 
for 12 h. The label was then removed and 
the cells further incubated at 37~  for 2 h 
in complete medium. The radiolabeled cells 
were subsequently  incubated at (a) 370C; 
(b) 450C/40 rain;  or (c) 37~  in the pres- 
ence of  200/~m sodium arsanite for 90 min. 
One  plate  of cells  was  immediately  har- 
vested,  while in the remaining plates,  the 
ceils were returned to normal growth condi- 
tions (e.g., return to 37~  or removal of  the 
arsenite), the cells further incubated for an 
additional 3 or 6 h at 37~  and were then 
harvested. In each case, the cells were har- 
vested by addition of PBS containing 0.1% 
Triton X-100, and the enzyme apyrase added 
to deplete  ATE  Subsequently, the lysates 
were adjusted to RIPA (+) conditions (final 
1% Triton X-100, 1% sodium dcoxycholate, 
and 0.1% SDS) and then clarified at 16,000 g 
for 5 min. The supernatants were removed 
and  analyzed  by native immunoprecipita- 
tion using the hsp 72/73 mAbs. Shown in A 
are the resultant  immunoprecipitates  ana- 
lyzed by SDS-PAGE. The pellets obtained 
after centrifugation  of the detergent-lysed 
cells were resuspended  by the addition of 
Laemmli sample  and  analyzed  by either 
SDS-PAGE (B) or by denaturing immuno- 
precipitation using antibodies to hsp 72/73 
(C). The lane designations in A, B, and C are the same. Lanes 1, 4, and 7, cells maintained at 370C for 0, 3, and 6 h, respectively; lanes 
2, 5 and 8, cells treated with the 45~  heat shock and harvested immediately or allowed to recover for 3 or 6 h at 370C, respectively; 
lanes 3, 6 and 9, cells exposed to 200 t*m sodium arsenite for 90 rain and harvested immediately or after recovery in the absence of  arsenite 
for 3 or 6 h, respectively. The position of hsp 72/73  is indicated on the fight of A (lISP 70) and molecular mass standards at the left. 
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Figure 4. Quantitative analysis of the effects of heat shock on pro- 
tein solubility. (.4) Hela cells, growing at 37~  were steady-state 
labeled with [35S]methionine for 12 h, the label removed, and the 
ceils incubated further for 2 h. The ceils then were ineuhated at ei- 
ther: (a) 37"C; (b) 43"C/90 rain; or (c) 45"C/40 rain. Some of the 
ceils were harvested immediately while the others were returned to 
37~  and incubated for either 2, 4, or 6 h before being harvested. 
After solubilization of the cells in RIPA (+) buffer, the lysates were 
clarified by centrifugation at 16,000 g for 5 rain and the relative 
amounts of the labeled proteins present within either the superna- 
tant or pellet were determined by "IV__A  precipitation and scintilla- 
tion counting. Shown in A are the relative amounts of proteins ren- 
dered insoluble  after incubation of the cells at:  37~  (I), 43~ 
(zx), or 45~  (A). (B) To assess the effects of protein insolubility 
in cells first made thermototerant,  Hela cells were given a 43~  - 
min heat shock and returned to 37*C for 12 h. These thermotoler- 
ant cells, as well as nontolerant (i.e., normal) cells, were metaboli- 
cally labeled at 37~  for 4 h with [35S]methionine, the radiolabel 
then removed, and the ceils further incubated at 370C for an addi- 
tional 2 h. Both the nontolerant  and tolerant cells were then sub- 
jected to a 45~  heat shock. Some of the ceils were har- 
vested immediately while the remainder were returned to 37~  and 
further incubated for 2, 4, and 6 h. The cells were solubilized in 
R/PA (+) buffer, clarified at 16,000 g, and the relative amount of 
radiolabeled proteins present within the supernatant and pellet were 
determined. The dotted line indicates the amount of  insoluble mate- 
rial in either the tolerant or nontolerant cells incubated at 37~  (C) 
A limited number of mature proteins were observed to co- 
precipitate with hsp 72/73 in cells maintained at 37~  (Fig. 
3 A, lane/). Somewhat to our surprise, even fewer proteins 
were found to coprecipitate with hsp 72/73  in those cells 
treated with the 450C/40-min heat shock (Fig. 3 A, lane 2). 
Even 3 or 6 h after the heat-shock treatment, no increases 
in the amount of proteins coprecitating with hsp 72/73 were 
observed (Fig. 3 A, lanes 5 and 8, respectively). Note how- 
ever, that the relative amounts of hsp 72/73 immune isolated 
from the heat shock-treated cells appeared less than that iso- 
lated from the control, 37~  cells (e.g., compare lanes I and 
2 in Fig. 3 A). In cells exposed to 200 t~m arsenite, a slight 
increase in the amount of proteins coprecipitating with hsp 
72/73 was found (Fig.  3 A, lane 3). With time of recovery 
from the arsenite treatment however, the pattern of copre- 
cipitating proteins was essentially the same as that observed 
for the control, unstressed ceils (Fig.  3 A, lanes  6 and 9, 
respectively). 
The fact that less hsp 72/73 was immunoprecipitated from 
the detergent-soluble fraction of the cells after heat shock 
prompted us to examine the corresponding detergent-insol- 
uble material obtained after the 16,000 g clarification of the 
cell lysate.  Specifically, after detergent lysis of the steady 
state labeled cells, the resultant 16,000 g clarification pellet 
was solubilized in Laemmli sample buffer, heated at 100~ 
and the radiolabeled proteins analyzed by SDS-PAGE (Fig. 
3, B). Relative to the cells maintained at 37~  a significant 
increase in the amount of detergent-insoluble material was 
observed in those cells treated with the 45~  heat 
shock (e.g., compare Fig. 3 B, lanes I  and 2). Much of this 
material still appeared detergent insoluble even after 6 h of 
recovery of the heat-treated cells back at 37~  (Fig. 3 B, lane 
8).  Increases in  the amount of labeled  material also was 
found within the detergent-insoluble pellet obtained from the 
cells exposed to 200/~M arsenite (Fig.  3 B, lane 3). With 
time of recovery from the arsenite treatment however, the 
amount of insoluble material gradually declined (Fig.  3 B, 
lane 6 and 9). 
Immunoprecipitation  under  denaturing  conditions  was 
performed to assess the relative amount of hsp 72/73 within 
the detergent-insoluble clarification pellets.  Relative to the 
control cells, a significant amount of hsp 72/73 was present 
within the insoluble material derived from the heat shock- 
treated cells, even after 6 h of recovery (Fig.  3 C, lanes 2, 
5, and 8). Increased amounts of insoluble hsp 72/73 also was 
observed within the clarification pellet of those cells exposed 
to 200 #m arsenite stress (Fig.  3  C, lane 3).  With time of 
recovery from the arsenite stress, the amount of detergent in- 
soluble hsp 72/73, like that of other proteins, was observed 
to decline (Fig.  3  C, lanes 6 and 9). 
Hela cells were labeled with [35S]methionine for 20 rain at either 
37 or 43~  Some of the cells were harvested immediately while 
in the others the label was removed and the cells were further in- 
cuhated at either 37 or 43~  for 30 or 60 rain. The cells were har- 
vested  in RIPA (+) buffer,  clarified  by  centrifugation,  and  the 
amount  of  TCA  precipitable  [35S]methionine-labeled material 
present within the supernatant and peUet was determined. (o) Cells 
pulsed and chased at 37~  (P37/C37); (A) ceils pulsed at 43~  and 
chased  at 37~  (P43/C37);  and  (m) cells pulsed  at 43~  and 
chased at 43~  (P43/C43). 
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and a relatively severe heat-shock treatment on protein in- 
solubility is shown in Fig. 4 A. Routinely, we observe ,o3- 
4% of the mature, radiolabeled proteins to be insoluble after 
lysis of the control, unstressed cells in RIPA (+) buffer and 
a subsequent 5-10 min clarification at 16,000 g. This value 
increased approximately twofold in cells treated with a 430C/ 
90-min shock, and approximately four- to fivefold after the 
more severe 45*C/40-min shock. With time of recovery from 
the milder heat-shock treatment,  the amount of insoluble 
material gradually declined such that by 6 h, it had returned 
to baseline (control) levels. In contrast, even after 6 h  of 
recovery from a 45~  heat-shock treatment, the cells 
still  exhibited a  significant amount of detergent-insoluble 
material. 
Previous studies have shown that cells first given a mild, 
sublethal heat-shock treatment and then allowed a recovery 
period back at 37~  are able to survive a subsequent, and 
what would otherwise be a lethal heat-shock challenge. This 
phenomenon, referred to as acquired thermotolerance, ap- 
pears dependent, at least in part, on the increased levels of 
the stress proteins produced during the initial, or "priming" 
heat-shock treatment (Gerner and Scheider,  1975;  Li and 
Werb,  1982). We and others have shown that a number of 
morphological and biochemical lesions which occur as a 
consequence of heat-shock treatment are repaired faster if 
the ceils are first made thermotolerant (reviewed in Welch, 
1990). Having shown that a severe heat shock treatment ren- 
dered a  large portion of proteins  insoluble,  we  evaluated 
whether cells first made thermotolerant might exhibit less 
thermally  induced,  protein  insolubility.  Hela  cells  were 
made thermotolerant by a 430C/90 min heat-shock treatment 
and subsequent recovery back at 37~  for 12 h. By 12 h of 
recovery the cells now have returned to their normal patterns 
of  protein synthesis. These tolerant cells, as well as nontoler- 
ant cells (i.e., no prior heat shock) were steady-state labeled 
with  [35S]methionine  for 4  h  at 370C,  the label removed, 
and the cells further incubated for an additional 2 h at 370C. 
Using the protocols described earlier, we examined the ex- 
tent of proteins rendered insoluble in both the tolerant and 
nontolerant ceils provided a 45~  min heat shock (Fig. 
4 B). As was observed before, ,o13-15% of the radiolabeled 
material was rendered insoluble in the nontolerant cells sub- 
jected to the 450C/40-min heat shock (Fig. 4 B, nontolerant). 
Surprisingly, the extent of heat-induced insoluble material 
was similar in the thermotolerant cells (Fig. 4 B, Tolerant). 
Differences however, were observed as a function of recov- 
ery  time  after  the  heat-shock  treatment.  Specifically,  a 
significant reduction in the amount of this insoluble material 
was observed for the thermotolerant cells during the course 
of their recovery back at 37~  In contrast, even after 6 h 
of  recovery at 370C, the nontolerant cells still contained con- 
siderable amounts of detergent-insoluble material. 
On the basis of  these results indicating increases in protein 
insolubility as a function of  heat shock, we reinvestigated our 
earlier studies examining the effects of heat shock on newly 
synthesized proteins. To recount, we did not observe any ad- 
verse effects of  heat shock on the maturation of  newly synthe- 
sized proteins. However, we did note that the relative amount 
of proteins being analyzed during the pulse-chase labeling 
protocol appeared markedly reduced as compared with the 
control, 370C cells (e.g., Fig. 1, compare A and D). Conse- 
quently, we suspected that the heat-shock treatment might be 
causing some of the newly synthesized proteins to partition 
within the detergent-insoluble fraction.  To test this  idea, 
Hela cells were incubated at either 37 or 43~  pulse labeled 
for 20 min with [3sS]methionine  and then chased in the ab- 
sence of radiolabel at either 37 or 43~  The cells were har- 
vested and the relative extent of newly synthesized protein 
partitioning into the insoluble phase was determined (Fig. 4 
C). Under conditions of our assay,  "o5 % of the newly syn- 
thesized proteins within the cells pulsed and pulsed chased 
at 370C were observed to fractionate within the detergent in- 
soluble pellet (Fig. 4 C, P37/C37). In those cells pulsed la- 
beled at 43~  and subsequently chased at 43~  a significant 
increase in the amount of detergent insoluble newly synthe- 
sized proteins was observed (Fig. 4 C, P43/C43). 
Different Targets Are Affected in Cells Depending 
upon the Severity of the Stress Treatment 
While both amino acid analogs and sodium arsenite appeared 
to interfere primarily with the maturation of newly synthe- 
sized proteins, heat-shock treatment adversely affected the 
solubility of both mature and newly synthesized proteins. 
Moreover, in each case, one result of these metabolic stress- 
ors was a reduction in the available levels ofhsp 72/73. Spe- 
cifically, in cells exposed to the amino acid analog or sodium 
arsenite many of the newly synthesized proteins remained 
stably complexed with hsp 72/73. Under conditions of heat 
shock, hsp 72/73, like many other cellular proteins, parti- 
tioned into the detergent-insoluble fraction. As has been dis- 
cussed earlier, we suspect that this reduction in the available 
levels of hsp 72/73 after metabolic stress is what triggers in- 
duction of the stress response. To further test this idea, as 
well as to further explore the protein targets affected by stress 
(i.e., mature versus newly synthesized proteins) we exam- 
ined the effects of stress on ceils whose protein synthesis ac- 
tivities had first been inhibited by their exposure to cyclohex- 
imide. For example, Hela cells were incubated either in the 
absence or presence of the protein synthesis inhibitor, cyclo- 
heximide, for 2 h at 37~  Such long-term exposure to the 
drug should inhibit new protein synthesis activities as well 
as provide suitable time for those proteins synthesized before 
the addition of the drug, to complete their maturation (e.g., 
posttranslational modification, translocation into organelles, 
higher ordered assembly, etc.). The cells, either pretreated 
or not with cycloheximide, then were subjected to either a 
mild stress (e.g., 430C/90 rain or 80/~m sodium arsenite for 
90 min) or a more severe stress (e.g., 45"C/40 min or 200 
~m sodium arsenite for 90 min). After the particular stress 
treatments, the culture medium was removed, the cells ex- 
tensively washed (to insure removal of the cycloheximide) 
and then metabolically labeled with [35S]methionine  for 2 h 
at 37~  After labeling, the cells were harvested and the ex- 
tent of stress protein synthesis examined by two-dimensional 
gel electrophoresis. Since it has previously been shown that 
the relative severity of a stress treatment directly correlates 
with the extent of new hsp 72 synthesis, particular attention 
was paid to the de novo expression of hsp 72 (DiDomenico 
et al.,  1982; Mizzen and Welch, 1988). As we have shown 
previously, Hela cells maintained at 37~  exhibit modest 
synthesis of hsp 73, and relatively lower expression of hsp 
72 (Fig. 5 A). When the 37~  cells were pretreated with cy- 
Beckmann et al.  Funaion of hsp 70 during Stress  1143 Figure  5.  Cycloheximide pretreatment 
reveals different cellular targets affected 
by  heat-shock  treatment.  Hela  cells, 
growing at 37~  were incubated in the 
absence or presence of 75 #grrdml cy- 
cloheximide for 2 h. The cells, either in 
the absence or presence of the protein 
synthesis inhibitor, were then subjected 
to either a 43~  or a 45~  - 
min  heat-shock  treatment.  Afterward, 
the medium was removed, the cells were 
extensively washed to remove the eyelo- 
heximide,  and  then  metabolically  la- 
beled with  [35S]m_ethionine for 4  h  at 
37~  After  the  labeling  period,  the 
cells were solubilized in Laemmli sam- 
ple buffer and the labeled proteins were 
analyzed by two-dimensional gel elec- 
trophoresis.  Within each  group  (e.g., 
presence or absence of cycloheximide) 
an equal amount  of TCA precipitable 
material (epm) was applied to the gel. 
Shown are only those regions of  the gels 
containing the major stress proteins. A, 
control, 37~  cells; B, 370C cells pre- 
treated with cycloheximide; C, cells giv- 
en a 43~  rain heat shock; D, cells 
pretreated with cycloheximide and sub- 
jected to a 430C/90-min heat shock in 
the presence of cycloheximide; E, cells 
given a 45~  heat shock; and F, 
cells pretreated with cycloheximide and 
subjected to a 45~  heat shock 
in the presence of cycloheximide. The 
downward pointing arrow indicates the 
position of hsp 73 and the upward point- 
ing anx~s indicate the position of the 
major isoforms of hsp 72. The position 
of hsp 90 is indicated by an asterisk (*) 
and actin by ac. 
cloheximide for 2 h and the drug then removed, reduced de 
novo synthesis of  hsp 73 and hsp 72 was observed (Fig. 5 B). 
Note that for the most part, the relative expression of other 
cellular proteins (e.g., actin) appeared largely unaffected by 
the prior cycloheximide  exposure. We suspect that in the ab- 
sence of targets for hsp 72/73, namely newly synthesized 
proteins, the levels of free or available hsp 72/73 become 
maximal in the cells maintained at 37~  Upon return of  pro- 
tein synthesis, the existing levels of hsp 72/73 are more than 
sufficient to accommodate new protein synthesis activities. 
Apparently, with maximal levels now present, the cell down- 
regulates new hsp 72/73 synthesis. 
As expected, a significant induction of  the stress response, 
and in particular increased hsp 72 expression was observed 
in those cells treated with the 43~  heat shock (Fig. 
5 C). If however, the cells first were treated with cyclohexi- 
mide before and during the 43~  heat shock, the rel- 
ative induction of hsp 72 was significantly reduced (Fig. 5 
D). In contrast, the extent ofhsp 72 induction appeared simi- 
lar in both the untreated and cycloheximide-treated  cells sub- 
jected to the more severe, 45~  heat shock (Fig. 5, 
E and F,, respectively). Thus, inhibition of protein synthesis 
and/or protein maturation events before and during a mild, 
43~  heat-shock  treatment  effectively diminished 
the severity of the stress as evidenced by the relative reduc- 
tion in the amount of new hsp 72 expression. In contrast, un- 
der  conditions  of  a  more  severe  heat-shock  treatment, 
pretreatment with cycloheximide did not appear to render 
any significant protective effect to the cells.  We interpret 
these results to indicate that under conditions of  a mild stress 
it  is  primarily newly  synthesized proteins  which are ad- 
versely affected. In the case of a  more severe heat-shock 
treatment however, mature proteins as  well are adversely 
affected. 
Using a similar approach, we examined the effects of  prior 
cycloheximide treatment on cells exposed to either a low or 
high concentration of sodium arsenite (Fig. 6). In cells ex- 
posed to 80 #m arsenite a vigorous induction of hsp 72 was 
observed (compare Fig.  6 A with the control cells in Fig. 
5 A). Note however, that in the cells treated with cyclohexi- 
mide before and during the same 80-#m-arsenite exposure, 
little or no induction of hsp 72 was apparent (Fig.  6  B). 
Significant increased expression of hsp 72 was evident in 
those cells subjected to the more severe, 200-#m-arsenite 
exposure.  Pretreatment  of  the  cells  with  cycloheximide 
slightly reduced the increased expression of hsp 72 after the 
The Journal of Cell Biology,  Volume 117, 1992  1144 Figure 6. Pretreatment of ceils with cycloheximide reduces the severity of an arsenite-induced stress response. In an experiment similar 
to that shown in Fig. 5, Hela cells growing at 370C were treated with cycloheximide (75 t~grn//~l) for 2 h. After which, the cells, either 
in the absence or presence of the drug, were exposed to either 80 or 200 txm sodium arsenite for 90 rain. After the arsenite exposure, 
the culture medium was removed, the cells were extensively washed to remove the cycloheximide, and then were labeled for 2 h with 
[35S]methionine. After the labeling, the cells were harvested and the radiolabeled proteins analyzed by two-dimensional gel electropho- 
resis. An equal amount of'lW.A precipitable material (cpm) was applied to the gels. Shown are only those regions of the gels containing 
the major stress proteins. A, cells exposed to 80/~m arsenite; B, ceils pretreated with cyclobeximide and exposed to 80 tan arsenite in 
the presence of cycloheximide; C, ceils exposed to 200/~m arsenite; and D, ceils pretreated with cycloheximide and exposed to 200 t~m 
arsenite in the presence of cycloheximide. 
200-#m-arsenite treatment, but by no means blocked its in- 
duction like that observed for the drug-treated cells exposed 
to only 80 #m arsenite (Fig. 6, C and D). Thus, analogous 
to the results with heat shock, we interpret these results to 
indicate that low concentrations of sodium arsenite adversely 
affect primarily newly  synthesized proteins,  while higher 
concentrations of arsenite likely perturb both newly synthe- 
sized and mature proteins. Consistent with this notion are the 
results shown earlier (i.e., Fig. 3 B) in which cells exposed 
to 200 #M arsenite exhibited an increase in the amount of 
mature proteins rendered detergent insoluble. 
Having shown that heat-shock treatment renders a  sig- 
nificant amount of mature proteins insoluble, we were curi- 
ous as to the nature of  the protein targets being affected. Our 
results showing that we could reduce but not entirely block 
the induction of hsp 72 in cells pretreated with cyclohexi- 
mide (Fig. 5) indicated that in addition to newly synthesized 
proteins, some other targets were adversely being affected. 
One possibility was the translational machinery itself. Some 
support for this notion are previous studies demonstrating 
that under conditions of a severe heat-shock treatment, pro- 
tein synthesis activities are arrested for a number of hours 
(Mizzen and Welch,  1988). Consequently, Hela cells were 
steady-state labeled at 37~  with either [3~S]methionine or 
[3sS]uridine  for 16 h, the label removed, and the cells fur- 
ther incubated at 37~  for an addition 2 h. Labeling with the 
psS]methionine should provide for a population of mature, 
radiolabeled proteins, while labeling with [3I-I]uridine should 
provide for a pool of mature radiolabeled ribosomes. The ra- 
diolabeled cells were incubated at 37~  either in the pres- 
ence or absence of cycloheximide for 2 h, and then subjected 
to either a 43~  or a 45~  heat shock, either 
in the presence or absence of the cycloheximide. Immedi- 
ately after the heat-shock treatment,  the amount of both 
[35S]methionine and [3H]uridine material which partitioned 
into the detergent-insoluble fraction was determined. 
In  cells  maintained  at  37~  the  relative  amount  of 
psS]methionine or pH]uridine material present within the 
detergent-insoluble fraction appeared similar in those cells 
incubated either in the absence or presence of  cycloheximide 
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Figure  7.  Pretreatment  with 
cycloheximide  prevents  the 
heat-induced  insolubility  of 
mature  proteins  after a  mild 
but  not  a  severe  heat-shock 
treatment.  Hela  cells  were 
steady-state labeled with [35S]- 
methiortine or [3H]uridine for 
12 h, the label was removed, 
,3  ~  , ~o  and the cells further incubated 
Treatment  in  the  absence  of the  radio- 
label  for  an  additional  2  h 
at 37~  The radiolabeled cells then were incubated in either the 
absence or presence of 75/~gm/p.1 cycloheximide for 2 h. While in 
the absence or presence of the drug, the cells were subjected to a 
43~  or 450C/40-min heat-shock treatment.  Immediately 
after the heat-shock treatment, the cells were solubiliz~ in RIPA 
(+) buffer and the amount of insoluble [3sS]methionine and [3H]- 
uridine  material  was determined  exactly as described  in Fig. 4. 
(=),  [35S]methionine-labeled cells incubated in the absence of c~'- 
cloheximide;  (I),  [35S]methionine-labeled cells  pretreated  with 
and heated in the presence of cycloheximide; (n), [35H]uridine.la- 
beled  cells  incubated  in  the  absence  of  cycloheximide;  ([]), 
[3H]uridine-labeled cells pretreated  with  and heated in the pres- 
ence of cycloheximide. 
(Fig. 7, 37~  After a 43~  heat shock, '~,2.5-fold 
increase in the amount of both [35S]methionine-labeled and 
[3H]uridine-labeled material was observed (Fig.  7, 43~ 
If  however, the cells were first pretreated with cycloheximide 
and then subjected to the 43~  heat shock, no sig- 
nificant increases  in the  amount of insoluble  [35S]methio- 
nine- or [3H]uridine-labeled material was evident.  Finally, 
when cells were given the more severe 45~  shock, 
even more [35S]methionine-  and  [3H]uridine-labeled mate- 
rial was rendered insoluble. Under these more severe stress 
conditions, prior treatment of the cells with cycloheximide 
appeared to provide some protective effect, but not as sig- 
nificant as that observed for the cells subjected to the milder 
43~  shock. Thus, we suspect that the translational 
machinery represents at least one target adversely affected 
by heat shock. Moreover, the results using cycloheximide in- 
dicate that the translational machinery, at least under condi- 
tions of a mild heat shock, appears more labile when it is ac- 
tively engaged in protein synthesis activities. 
Release of  hsp 72~73from Newly Synthesized Proteins 
In Five Require ATP 
It has been suggested that the hsp 70 family members release 
from their protein targets via their binding to and hydrolysis 
of ATP (reviewed in Welch, 1990). In the case ofhsp 72/73, 
we find that addition of ATP to pulse-labeled cell lysates 
effectively results  in  the  dissociation  of hsp  72/73  from 
newly synthesized proteins (Beckmann et at.  1990).  To de- 
termine whether the release of hsp 72/73 from its targets in 
rive requires ATP, we examined the consequences of deplet- 
ing intracellular ATP levels. Hela cells growing at 37~  were 
pulse labeled  with  [3sS]methionine  for 20  rain.  After the 
pulse, the radiolabel was removed and the cells further incu- 
bated in the presence of a mitochondrial uncoupler (CCCP) 
and the nonmetabolizable glucose derivative, 2  DG. Such 
treatment with a mitochondrial uncoupler and 2DG results 
in a rapid depletion of intracellular ATP levels (Gronostajski 
st al.,  1985).  After the pulse and pulse-chase incubations, 
the cells were harvested and native immunoprecipitations 
Figure 8. Depletion of intracellular ATP prevents 
the release of newly synthesized proteins from hsp 
72/73 and results in induction of  a stress response. 
(A) Hela cells were pulse labeled with [35S]methi- 
onine for 20 rain and the cells either harvested im- 
mediately, or the radiolabel was removed and the 
cells further incubated in complete medium for ei- 
ther 30 or 60 min.  To some of the radiolabeled 
cells, ATP levels were depleted during the chase 
period via addition of glncose-free medium con- 
raining 12.5 mM 2DG and 20/~m of the mitochon- 
driat  uncoupler,  CCCP.  After  the  appropriate 
chase period, the cells were harvested, and native 
immunoprecipitation  performed  using  the  hsp 
72/73  mAbs.  Shown are the immunoprecipitates 
as analyzed  by SDS-PAGE. Lanes  I-3, control 
cells pulse labeled (lane 1) and then chased for ei- 
ther 30 Oane 2) or 60 rain (lane 3); lanes 4-6, cells 
pulse labeled (lane 4) and chased in the presence 
of  2DG and CCCP for either 30 (lane 5) or 60 rain 
(lane 6). (B and C) Hela cells were incubated in 
the presence of  20/~m CCCP and 12.5 mM 2DG in glucose-free medium for 2 h to deplete intracellular ATE To some of  the cells cyclohexi- 
mide was added either before the ATP depletion or alternatively added concurrently with 2DG and CCCE One plate of  cells was subjected 
to a 43*C/90-min heat-shock treatment in the absence of any other treatments. After these various treatments, the medium was removed, 
and the cells extensively washed and labeled with [~sS]methionine for 2 h at 37~  The cells then were harvested and the radiolabeled 
proteins analyzed both by SDS-PAGE (B) and by denaturing immunoprecipitation using antibodies specific for the highly stress inducible 
hap 72 (C). Lane designations are the same in B and C. Lane 1, 370C control cells; lane 2, cells incubated for 2 h with cycloheximide; 
lane 3, ceils incubated for 2 h with CCCP and 2DG; lane 4, same as lane 3 with cycloheximide added concurrently;  lane 5, cells incubated 
for 4 h with cycloheximide; lane 6, cells first incubated for 2 h with cycloheximide then CCCP and 2DG added for an additional 2 h; 
lane  7, cells given a 43~  heat shock. 
The Journal of Cell Biology, Volume 117, 1992  1146 performed using the hsp 72/73 antibodies.  As was observed 
previously, a number of newly synthesized proteins were ob- 
served to coprecipitate with hsp 72/73 after the pulse, and 
were released over the course of the subsequent chase period 
in the cells incubated under normal  conditions  (Fig.  8 A, 
CONTROL). In contrast,  in those cells depleted of ATP dur- 
ing the chase period, the release ofhsp 72/73 from its targets 
was greatly  inhibited  (Fig.  8 A, CCCP/2DG). 
ATP Depletion Results in Induction of the 
Stress Response 
As has been discussed earlier,  we suspect that under condi- 
tions where hsp 72/73 becomes stably complexed to its tar- 
gets,  the corresponding reduction in the available levels of 
free hsp 72/73 subsequently results in an induction of a stress 
response.  Having shown that ATP depletion results in newly 
synthesized  proteins remaining  stably bound to hsp 72/73, 
we examined  whether such treatment  would result in an in- 
duction of the stress response.  Therefore,  Hela cells were in- 
cubated with CCCP and 2DG for 2 h at 37~  To some of 
the cells cycloheximide  was added either concurrently,  or 
2 h before the addition of the ATP-depleting  reagents.  The 
rationale  here was to inhibit the levels of newly synthesized 
proteins before the ATP depletion.  As a result, there would 
be fewer targets for hsp 72/73 binding,  therefore subsequent 
depletion of ATP might not result in any significant reduction 
of free hsp 72/73, and consequently the cells might not re- 
spond by induction  of a stress response.  After the appropri- 
ate incubations to deplete intracellular  ATP the culture me- 
dium containing  the various agents was removed,  the cells 
extensively washed with DME, and then subjected to meta- 
bolic labeling  with  [3sS]methionine.  After a  2-h  labeling 
period, the cells were harvested in Laemmli sample buffer 
and the radiolabeled proteins analyzed by either SDS-PAGE 
(Fig. 8 B) or by immunoprecipitation using antibodies to the 
highly  stress-inducible  hsp 72 (Fig.  8 C). 
Cells depleted of ATP exhibited  induction  of a stress re- 
sponse as evidenced by their increased expression  of hsp 72 
(Fig. 8 C, compare control [lane/] with ATP depletion [lane 
3]). The induction  of hsp 72 was almost as high as that ob- 
served for cells given a heat-shock treatment  (Fig. 8 C, ATP 
depletion in lane 3 and hs in lane 7). When cycloheximide 
and the ATP-depleting agents were added concurrently,  in- 
duction of hsp 72 again was quite significant flit. 8 C, lane 
4). If however, protein synthesis activities were inhibited be- 
fore the ATP depletion, the magnitude  of hsp 72 induction 
was somewhat reduced (Fig.  8 C, lane 6). Thus,  depleting 
intracellular  ATP is sufficient to activate a stress response. 
Moreover,  since treatment  with cycloheximide  before the 
ATP depletion reduced the magnitude of the stress response, 
we suspect that one effect of ATP depletion is the inability 
of hsp 72/73 to release itself from newly synthesized  pro- 
teins. 
Discussion 
Despite their designation,  we now know that most of the so- 
called heat-shock or  stress  proteins are constitutively  ex- 
pressed in all cells. Moreover, via both genetic and biochem- 
ical studies,  it has been firmly established that many of the 
stress proteins represent essential  gene products which are 
involved  in  a  number  of important  biological  pathways 
(reviewed in Morimoto et al.,  1990).  In particular,  recent 
studies have shown that at least two families of stress pro- 
teins, the hsp 70 and the hsp 60 (or GroEL) proteins, are inti- 
mately  involved  in  facilitating  various aspects of protein 
maturation  (reviewed in Ellis and van der Vies, 1991). Some- 
what ironically, considerably less is known concerning  why 
these proteins are upregulated  during stress  and the exact 
role they serve in the cell subjected to stress. 
All of the available evidence indicates  that in the normal, 
unstressed cell members of the hsp 70 family  distributed 
throughout  various  intracellular  compartments,  interact 
transiently  with other proteins which are in the course of 
maturation.  For example, as was shown here and previously, 
we find that a significant number of newly synthesized pro- 
teins can be isolated in an apparent complex with cytosolic 
hsp 72/73 (Beckmann et al.,  1990). Indirect evidence indi- 
cates that such interactions  likely occur as the polypeptide 
is being synthesized  (i.e., cotranslational).  Via pulse-chase 
metabolic labeling, the interactions  of hsp 72/73 with newly 
synthesized proteins appear to be transient  and sensitive to 
ATP. Consequently,  we and others have proposed that the 
cytosolic forms of hsp 70 function to prevent, or slow down 
protein folding until  synthesis  of the polypeptide has been 
completed (Rothman,  1989; Beckmann et al.,  1990;  Ellis 
and van der Vies, 1992). Once finished, and now with all of 
the information  for folding  present,  the polypeptide com- 
pletes its folding pathway, accompanied by ATP-dependent 
release of its hsp 70 chaperone.  It remains possible that for 
certain  proteins  which  undergo  various  posttranslational 
modifications,  are destined for oligomeric assembly, and/or 
are to be translocated into another organelle, further involve- 
ment with cytosolic hsp 70 may be required (Chirico et al., 
1988, Deshaies et al.,  1988). In a similar scenario,  as pro- 
teins are translocated from the cytoplasm into either the ER 
or mitochondria, the compartmentalized forms of hsp 70 are 
called into play. Specifically, grp 78 (BiP) in the ER and grp 
75 within the mitochondria appear to interact with a number 
of proteins as they enter into the organdie (Haas and Wabl, 
1983; Bole et al.,  1986, Gething et al.,  1986; Kang et al., 
1990; Mizzen et al., 1991). Again, this interaction may serve 
to prevent the premature or incorrect folding of the incoming 
protein until  the translocation  event  has been completed. 
Some support for this idea has been provided by examining 
temperature-sensitive  mutants of either grp 78 (BiP) or grp 
75. In the absence of functional BiP or grp 75, proteins enter- 
ing into the ER or mitochondria, respectively, exhibit an ar- 
rest of translocation  (Vogel et ai., 1990; Kang et al., 1990). 
Via biochemical analysis,  these translocation-arrested  pro- 
teins  were shown to be situated  such that a portion of the 
polypeptide was present within the lumen of the organdie 
and the remainder still present within the cytoplasm. One in- 
terpretation of these results is that in the absence of their 
binding  to the compartmentalized form of hsp 70, proteins 
entering into the lumen of the organelle begin to fold prema- 
turely and as a result are unable to complete their transloca- 
tion into the organelle. 
In cells subjected to metabolic stress, usually because of 
their exposure to agents/treatments  which adversely affect 
protein conformation, protein maturation  appears compro- 
mised. For example, in cells exposed to either an amino acid 
analog,  Azc,  or sodium arsenite,  a  significant  number of 
newly synthesized proteins again were found to interact with 
cytosolic hsp 70. Unlike the situation in the normal unstressed 
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teins with hsp 72/73 was not transient, but instead appeared 
relatively stable. We suspect that under these conditions of 
stress, the newly synthesized proteins are unable to assume 
their properly folded state, continue to appear unfolded, and 
as a consequence, remain bound to their hsp 70 chaperone. 
The idea that proteins synthesized in the presence of ami- 
no acid analogs experience problems in proper folding is 
consistent with their observed abnormally short half-lives 
(Schimke and Bradley, 1975;  Prouty et al.,  1985).  Conse- 
quently, it seems plausible that hsp 72/73 also may function 
in the presentation of such analog-containing proteins to 
the appropriate intracellular proteolytic machinery. Indeed, 
others have already suggested a role for cytosolic hsp 70 in 
the presentation of certain proteins to the lysosome for their 
subsequent degradation (Chiang et al., 1989). In the case of 
sodium arsenite, we suspect it perturbs the folding of newly 
synthesized proteins via its ability to interact with free thiol 
groups (Zahler and Cleland, 1968; Klemperer and Pickart, 
1989).  Support for this idea was our observation that addi- 
tion of the reducing agent, DTT, was sufficient to reverse the 
adverse effects of arsenite on protein maturation. Whether 
arsenite targets directly the cysteine residues within newly 
synthesized proteins, or alternatively reacts with the intra- 
cellular reducing agent glutathione, is currently under study. 
Whatever the case, we suspect that in the presence of sodium 
arsenite, newly synthesized proteins, as well as some mature 
proteins,  may form incorrect intra-  or intermolecular di- 
sulfide bonds. 
Unlike Azc or arsenite treatment, we did not observe any 
obvious deleterious effects of heat-shock treatment on the in- 
teraction with and subsequent release of hsp 72/73  from 
newly synthesized proteins. For the most part, proteins syn- 
thesized at 43"C interacted with hsp 72/73 and were released 
during the subsequent chase period with kinetics similar to 
that observed in the control, 37~  cells. However,  as com- 
pared to the control cells, we found that the absolute amount 
of proteins present within the detergent lysed and heat-shock 
treated cells was greatly reduced. Upon further analysis, we 
found that a portion of the newly synthesized proteins made 
during heat shock appeared insoluble. 
Heat-shock treatment also had a major effect on the stabil- 
ity of  mature proteins. Specifically, we observed a significant 
population  of mature  proteins  to  fractionate  within  the 
detergent-insoluble pellet  after the  heat-shock treatment. 
Present within this insoluble material also were significant 
amounts ofhsp 72/73. Why hsp 72/73, like many of  the other 
cellular proteins, also partitioned into the insoluble fraction 
is not yet clear. Obviously, while it too may simply become 
denatured, we have found that we can release as much of 
50% ofhsp 72/73 from the detergent-insoluble pellet via the 
addition of ATP (our own unpublished observation). This 
would argue that hsp 72/73, at least by its ability to utilize 
ATP, is still functional. Perhaps as other cellular proteins be- 
gin to denature and "unfold" they become targets for hsp 
72/73. That at least hsp 73 is able to recognize and bind to 
unfolded protein has recently been demonstrated in an in 
vitro system (Palleros et al.,  1991). Such denaturation in 
vivo however, may be so extensive that the denatured or un- 
folded proteins, even though bound to hsp 72/73, still aggre- 
gate and consequently become insoluble. 
Our studies examining the effects of the protein synthesis 
inhibitor cycloheximide in both normal ceils as well as in 
cells subjected to stress, provided a number of interesting 
and informative results. First, when normal, unstressed ceils 
were treated with cycloheximide for 2 h, and the drug then 
removed, we observed a reduction in the de novo expression 
ofhsp 72 and hsp 73. We suspect that in the absence of  newly 
synthesized proteins, the levels of available hsp 72/73 reach 
maximal levels such that the cell now no longer requires new 
expression ofhsp 72/73. Secondly, under conditions of a rel- 
atively mild stress event (e.g., 43~  min or 80/~M ar- 
senite), cells treated with cycloheximide before and during 
the stress exposure now responded with significantly less 
new expression of hsp 72/73 as compared with those cells 
similarly stressed in the absence of the drug. Apparently, in 
the absence of labile targets, specifically newly synthesized 
proteins, the cell no longer sees these mild stressors as being 
detrimental. In contrast, with more severe stresses  (e.g., 
45~  min or 200/~m arsenite) prior treatment with cyclo- 
heximide did not prevent an induction of the stress response. 
Under these conditions of a more severe stress, we suspect 
that now a significant amount of mature proteins are begin- 
ning to denature, and that these partially unfolded proteins 
now represent new targets for hsp 72/73. Similar results to 
those presented here have been provided by others examining 
the activation of  the so-eailed heat-shock transcription factor 
which regulates the expression of the heat-shock genes after 
stress. Specifically, cells treated with protein synthesis inhib- 
itors before and during a  relatively mild heat-shock treat- 
ment no longer exhibited an activation of  the heat-shock tran- 
scription factor. In contrast, under conditions of a more severe 
heat shock, activation of the heat-shock transcription factor 
occurred regardless of whether the cells had been exposed 
to an inhibitor of protein synthesis (Zimarino et al.,  1990; 
see accompanying article in this issue, Baler et al.,  1992.) 
Regardless of the agent/treatment used to induce the re- 
sponse, the net result in each case was the sequestering of 
pre-existing hsp 72/73. For example, in cells exposed to ei- 
ther the amino acid analog or sodium arsenite, newly synthe- 
sized proteins were not released from hsp 72/73,  thereby 
reducing the available  levels of free hsp 72/73.  In the case 
of heat-shock treatment, the available levels  of hsp 72/73 
were  reduced as  a  result of global protein denaturation. 
Thus,  under  different conditions of metabolic stress,  hsp 
72/73 becomes stably complexed with either newly synthe- 
sized proteins unable to properly fold, or with mature pro- 
teins which have likely been rendered denatured. As the lev- 
els of"free or available" hsp 72/73 decline, the cell responds 
by increased expression of  new hsp 72/73, in effect, an induc- 
tion of a stress response. This proposed scenario by which 
the response is regulated fits well with a number of previous 
observations. It accounts for why the amount of new hsp 72 
expression is directly proportional to the severity or duration 
of the stress event (DiDomenico et al.,  1982;  Mizzen and 
Welch, 1988). It would also explain the apparent autoregula- 
tory behavior of hsp 72 and in particular why pre-existing 
levels of hsp 72 influence the amount of new hsp 72 expressed 
as a consequence of a second stress event (DiDomenico et 
al., 1982; Mizzen and Welch, 1988). Finally, it can account 
for why microinjection of denatured proteins into living cells 
results in the activation of a stress response (Ananthan et al., 
1986).  In this case, hsp 72/73 levels are reduced likely be- 
cause of their recognition of and binding to the denatured 
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posed pathway  of regulation is correct,  it implies that the 
heat-shock transcription factor itself, either directly or in- 
directly, is somehow able to monitor the available  levels of 
hsp 72/73. 
Finally, our studies examining the effects of ATP depletion 
appear consistent with the idea that in vivo, the release of hsp 
72/73 from its protein targets requires ATP, and likely ATP 
hydrolysis.  Release  of hsp  72/73  from newly  synthesized 
proteins was effectively blocked by depletion of intracellular 
ATP levels. Again, consistent with our proposed regulatory 
pathway, the cells responded by induction of hsp 72. These 
results appear analogous to previous studies in Drosophila 
where numerous agents which interfere with mitochondrial 
function result in an induction of a stress response (reviewed 
in Ashburner and Bonner,  1979). One wonders whether the 
observed induction of a stress response after transient  isch- 
emia/reperfusion in vivo is due, at least in part, to the resul- 
tant  depletion  of intracellular  ATP  levels  (Nowak,  1985; 
Dillman et al.,  1986;  Subjeck and Shyy,  1986). 
In sum, our results indicate a role for cytosolic hsp 72/73 
in facilitating protein maturation events and help explain how 
such events are comprimised in cells experiencing different 
types of metabolic stress.  Depending upon both the nature 
and severity of the particular  stress treatment,  different pro- 
tein targets are adversely affected, the most labile being pro- 
teins which are in the course of maturation.  What remains 
to be determined is the actual  fate of such proteins whose 
maturation  pathways are comprimised, as well as the fate of 
mature proteins which become denatured  as a consequence 
of the stress event. Can such denatured  proteins be rescued 
via the action of hsp 72/73  and/or other stress proteins as 
has been suggested (Skowyra et al., 1990; Gaitanaris  et al., 
1990)? Alternatively, does hsp 72/73 serve a role as a "mo- 
lecular detergent" simply to facilitate the solubilization and 
perhaps  eventual  degradation  of such  denatured  proteins? 
Most likely, and depending upon the extent of target denatu- 
ration, both scenarios are operative in the cell. Finally, how 
does the cell monitor the extent of damage rendered and sub- 
sequently titrate the expression of new stress protein synthe- 
sis? In particular,  how are the levels of hsp 72/73 monitored 
by the cell, thereby  resulting in the activation of the heat- 
shock transcription factor? 
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